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disk,  and  its  height  above  the  groundplane  are  discussed. 


In  the  second  part  of  the  report  several  microstrip  reflectarrays 
are  described  with  diode  switches  integrated  into  the  array  elements. 

The  fabrication  techniques  developed  for  these  arrays  represent  a simple, 
potentially  low-cost  approach  to  other  similar  applications. 

In  addition,  an  analysis  of  the  scattering  by  an  infinite  array  of 
miciostrip  disks  has  been  made.  This  analysis  is  used  to  get  insight 
into  the  opei  ation  of  a reflectarray  with  diodes  integrated  into  the 
elements  to  ichieve  phaseshift  for  circular  polarized  fields. 
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SECTION  I 
INTRODUCTION 

This  document  is  the  final  report  for  the  Microstrip  Rellectarray  Antenna  Program, 
Contract  Number  F30602-7i>-C-0226.  The  work  was  initially  under  the  direction  of  Mr.  Carman 
Malagisi,  Rome  Air  Development  Center  (RAIX^),  Griffiss  Air  Force  Base,  New  York.  Later,  the 
ni  initorship  was  transferred  to  Mr.  Hermann  Ehrenspeck,  RADC,  Hanscom  Air  Force  Base, 
M.  ssachusetts. 

There  has  been  a constant  need  to  reduce  the  cost  of  phased  arrays  for  tactical  radars  and 
coininunication  systems.  The  bulk  of  the  cost  and  RF  losses  in  phased  arrays  are  in  transmission 
lines  and  phase  shifters.  The  use  of  reflectarrays  is  one  method  of  reducing  the  costs  of 
transmission  lines.  However,  the  phase  shifters  on  each  element  still  remain  costly.  If  the  phase 
shifters  could  be  incorporated  into  the  elemen  to  reduce  the  overall  costs  in  reflectarray  mode, 
then  reflectarrays  could  become  a more  competitive  antenna  system  where  phased  array 
performance  is  re>|uired. 

The  micros;  rip  antenna  as  described  by  R.E.  Munson  and  J.Q.  Howell  is  a means  of 
providing  low-cost  corporate-fed  phased  arrays.  The  problems  of  phase  shifters  still  exist. 
Mr.  C.  Malagisi  of  RADC  utilized  the  technolo;iy  described  by  Munson  and  Howell  and  applied  it 
to  a microstrip  reflectarray  technique. 

The  purpose  of  this  prog  ram  was  to  determine  the  feasibility  and  design  limitation  of  such 
an  antenna  element;  that  is,  a nicrostrip  reflectarray  antenna  where  microwave  integrated  circuit 
techniques  are  used  to  integra  e the  radiating  element,  phase  shifters,  dc  distribution  and  logic 
circuitry  into  a single  structure 

The  approach  to  this  study  is  indicated  by  the  program’s  major  milestones  (Figure  1).  The 
initial  program  phase  consisted  of  studies  to  better  understand  element  operation  and  the 
method  of  test.  The  st  :ond  phase  consisted  of  the  design  and  evaluation  of  a 3 GHz  reflectarray 
element  with  3-bit  p ase  shifter  capability.  This  effort  was  paralleled  with  an  original 
investigation  into  the  i iicrostrip  element  fundamental  theory  of  operation.  The  third  phase 
consisted  of  a short  effort  to  evaluate  element  performance  near  15  GHz. 

The  primary  objective  of  this  program  is  to  verify  the  element  operation  as  envisioned  by 
Mr.  Malagisi.  That  is,  if  diodes  are  placed  along  a circumference  of  the  disk  at  an  arbitrary 
distance  from  its  center  and  biased  accordingly  to  cause  short  or  open  circuit,  the  element  will 
reradiate  a circular  polarized  signal  with  the  same  sense  but  shifted  in  phase  equal  to  twice  the 
angular  spacing  of  the  short  locations.  Other  results  are  that  a 3-bit  reflection  phase  shifter  can 
he  realized  with  only  eight  diodes. 

The  usefulness  of  the  element  in  an  array  is  severely  restricted  by  very  narrow  band  widths 
.Hid  relatively  high  loss. 

However,  the  supporting  theoretical  analysis  showed  the  element’s  loss  and  operating 
b ndwidth  are  a strong  function  of  the  element  spacing  in  an  array  environment.  The  results 
ii  licate  reduced  loss  and  increased  bandwidth  with  decreased  spacing,  thereby  suggesting  that 
tl  c present  performance  deficiencies  could  be  overcome. 
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Figure  I.  Program  Major  Milestones 


SECTION  II 

REFLECTARRAY  DESCRIPTION  AND  ANALYSIS 

A.  INTRODUCTION 

In  many  applications,  microstrip  antennas  are  an  attractive  alternative  to  more  conven- 
tional radiators.  Microsirip  antennas  exhibit  a low  profile,  can  easily  conform  to  planar, 
cylindrical  and  conical  surfaces,  and  are  small  in  size  and  weight.  These  elements  are  generally 
etched  on  copper  clad  dielectric  material.  As  a consequence,  production  cost  is  low  while  good 
mechanic;  I tolerances  are  maintained. 

Twt>  recent  papers  by  Howell*  and  Munson^  have  been  directed  to  the  design  of  these 
elements.  Both  papers  discuss  the  resonant  properties  of  the  micTOstrip  elements  and  give 
experimental  results. 

Recently,  Phelan*’^’*  has  described  integration  of  diodes  into  spirals  and  dipoles  as  a 
means  of  achieving  a low-cost  integrated  element  and  phase  shifter.  This  subsection  analyzes  a 
circular  microstrip  element  in  a reflectarray  configuration.  The  characteristics  of  Ihe  element  in 
an  array  are  examined  using  the  numerical  solution  of  an  integral  equation  for  the  microstrip 
current. 

To  asses.s  the  validity  of  the  solution  we  consider  the  following;  (l)the  convergence  ol  the 
numerical  solution,  (2)  Ihe  solution  of  the  geometry  without  a ground  plane  and  dielectric  for 
which  theoretical  and  experimental  results  are  given  by  Chen*  and  Eggimann  and  Collin;''  and 
Ola  comparison  of  the  theoretical  results  for  a microstrip  element  with  experimental  results 
obtained  using  waveguide  simulation  techniques. 

Data  is  then  given  illustrating  the  effeci  of  polarization,  incidence  angle,  substrate  loss  and 
thickness,  and  array  grid  spacing.  It  is  shown  that  these  parameters  have  a significant  effect  on 
bandwidth,  loss,  and  resonant  frequency  of  the  element. 

B.  THEORY 

A circular  microsirip  element  may  be  used  as  a reflectarray  element  by  mounting  diodes  at 
a fixed  radius  from  tie  center  as  shown  in  Figure  2.  (Additional  details  of  diode  mounting 
techniques  and  performance  data  can  be  found  in  later  sections.)  We  note  that  this  radius  is 
larger  than  the  feedpoint  mounts  used  by  Phelan^'**’*  for  spiral  and  dipole  elements.  The  basic 
principle  of  operation  is  the  same  as  that  described  by  Phelan.^  The  phase  of  the  circularly 
polarized  wave  is  controlled  by  shorting  diodes  at  varying  angular  locations.  In  the  p ane  of  the 
shorted  diode,  the  element  is  approximately  a short.  The  orthogonal  linear  polarization  couples 
into  the  rcsonai’t  clemi  iit  and  approximately  sees  an  open  circuit. 

An  analy  sis  of  the  element  with  the  diodes  present  would  be  very  complicated.  For  m my 
elements  the  iodes  minimally  affect  Ihe  resonant  frequency  and  element  loss.  Hence,  we 
examine  the  g ometry  without  any  diodes  or  a center  shorting  pin.  This  model  predicts  the 
essential  param  ters  of  loss  and  bandwidth.  The  exact  resonant  frequency  depends  on  the  diode 
loading  but  can  dso  be  predicted  with  this  model  within  a few  percent. 
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The  problem  thus  reduces  to  the  analysis  of  the  scattering  from  a periodic  irray  of  disks 
on  a dielectric  substrate  above  a ground  plane.  We  will  only  analyze  the  specular  rel lection.  In  an 
actual  rcflectarray  configuration,  we  note  that  an  additional  phase  gradient  is  induced  by  the 
phase  shift  element  allowing  one  to  scan  the  reflected  wave.  This  could  be  approximately 
inalyzcd  by  introducing  he  desired  phase  gradient  into  the  scattered  component  of  the  field  but 
^ not  done  in  this  report . 

The  analysis  of  this  geometry  proceeds  in  a similar  manner  to  that  used  by  Montgomery® 
ill  analyzing  polarizer  problems.  For  lompleteness,  we  outline  the  solution,  using  similar 
notation. 

We  first  consider  the  field  in  the  absence  of  the  microstrip  scatterer.  In  the  region  z>d, 
wc  expand  the  field; 


2 

(r)  iZ  [exp(j7z)  + Rm  exp(-j7z)l  exp(-j  k-roo’  Et)  Umoo  (!) 

m = I 

2 

K^Ir)  = i?moo  (expa7z)  - R„,  exp(-j7z)]  expf-jkToo  ' It)  '2) 

m = t 


and  for  0 < z < d 


2 

(e)  = ^ K"  •iin  r z exp(-jkToo  • 

m = I 


liV""'  (r)  = 


bir  cos  r z exp(-jk 


TOO 


Et)  e. 


X«moo 


ni  ~ I 


w here 


*iTpq  = ^T  Pill 

Ict  = k„  sin  0 cos  e^  + k^  sin  6 s'm  0 Cy 
J<,  = -27r/Aej,  x d2,k2  “ 27r/A  e,  x d, 

7 = (k„^  - iSTpq  • liTpq)’''' 

- hpq  • liTpq)'''' 

k„  = propagation  constant  of  media,  z > d 
k = propagation  constant  of  media,  0 < z < d 
9,<t>  = standard  spherical  coordinates  of  incident  wave 
Jt  = X e^  + y Cy 

A = Id)  X d<  I,  periodic  cell  area 

d,,  d:  lattice  vectors  (reference  Figure  2) 


(3) 


(4) 
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ipq  !S  Tpq  / IliTpq  l»  TM  HlOdeS 
K 2pq  ~ ®z  ^ ipq’  modes 
TJipq  ""  K'^Jy^  'Jjpq  = ynolK 
{ ,pq  = ktj/r,  f jpq  = rrj/k 

no  ‘n=Ve!fi 

Matching  the  field  Equations  (1)  through  (4)  at  z = d,  we  easily  find 

nmoo  •j^moo  cot  Fd 


Rm  = exp(j2'yd) 


nmoo  itmoo  COt  Fd 


(5) 


and 


I in  ^ “m  CSC  Fd  [expChd)  + R„  exp(-j7d)l  (6) 

Wc  note  that  when  the  il  electric  substrate  is  lossless,  1R^|  = 1. 

Now  consider  the  I ield  due  to  the  scattered  current  density  on  the  microstrip.  For  z > d 


dmpqexp(-j7z)  exp(-jkTpq  • It) 


p q m 


IJV  (^=y^  y^y^  n^pq  d^q  exp(-j7z)  exp(-jkT^q  • It)  ez  X 


(7) 


(8) 


p q m 


and  for  0 < z < d 


YjH  ^ " "’‘P'-jl^Tpq  • It)  !C„p, 


p q m 


nmpq  ‘^mpq  Fzexpt-jlCTpq  ' Tj) 


(9) 


(10) 


p q m 


Matching  the  tangential  electric  field  yields 

dmpq  exp(-j7d)  = c„pq  sin  Fd  11) 

The  tangential  magnetic  field  is  discontinuous  as  determined  by  the  current  on  the  microstrip. 

c,x  1H.J.*  (z  = d*)  - Ht’  (z  = d-)]  =i(iT)  (12) 
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when  e microstrip  element.  Using  Equations  (8),  (10),  (11)  and  the  orthogonality  of  the 
Eloquent  inodes,  we  easily  find 


, _ r - 1-1 

*^mpq  J 


f’- 


• J (r-r)  expCik^pq  • r-f)  dr^ 


where 


^mpq  Jfmpq 


The  total  electric  fielil  is  a superposition  of  the  incident  field  Equations  (1),  (3)  and  the 
scattered  field  Equations  (7),  (‘))  [using  Equations  (11)  and  (13)].  For  z>d  we  have 


Et  (r)=y , 


am'  lexpG7z)  + Rm  exp(-j7z)l  exp(-jkTOo  ’It) 


p q m J 


KeV)  exp(jk.j.pq  • Tj)  dix 


• exp(-j7z)  exp  r,.  eA'  (-jk.ppq  • r.^)  (14) 

All  boundary  conditions  have  been  satisfied  now  except  we  must  still  force  the  tangential  electric 
field  to  vanish  on  the  surface  of  the  microstrip  elements.  Equating  Equation  (14)  to  zero  at  z = d 
over  the  element  surface  yields  the  desired  integral  equation  for  the  current  density.  A Galerkin 
solution  is  used  to  solve  the  integral  equation.  We  expand  the  current  in  the  series 


1 (It)  =^2, 


where  hnlr-i-l  is  a convenient  basis.  Substitution  of  Equation  (15)  into  the  integral  equation  and 
the  subsequent  inner  product  with  h^(jj)  yields  the  matrix  equation 


i;;"  [exp07d)  + Rm  exp(-j7d)]  • h*  (Ictoo) 


=E^4^EEE  (*7111  1 -mpq  * -*  (-Tpq)l^inpq  ’ )ln()^Tpq)|  (16) 


p q m 
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where 


'»n  (kxpq) 


•/ 


hCfT-)  expOki^q  • It)  dry 


(17) 


and  the  asterisk  superscript  is  complex  conjugation. 

Tlie  basis  need  oi  ly  be  chosen  such  that  as  N-»«>  the  representation  is  complete.  It  is 
convenient  to  choose  tiu*  basis  to  be  the  dual  of  the  waveguide  orthonormal  basis  f^(ry)  or 
h|i(ry)  = c^  X C|j(ry).  Thus,  the  current  component  normal  to  the  element  edge  vanishes  since 
the  tangential  component  of  the  electric  Held  vanishes.  We  note  that  the  form  of  the 
(equation  ( 1 6)  implies  that  nonorthogonal  basis  functions  can  also  be  used  as  long  as  we  can 
evaluate  the  1 ourier  tmnsform  Equation  (17).  Thus,  basis  functions  which  satisfy  the  edge 
condition  can  also  be  usid. 

Although  Hquatiop  (16)  is  arbitrary  in  the  shape  o(  the  microstrip  element,  we  will  only 
consider  circular  micros! rip  elements  in  this  paper.  The  Fourier  transform  of  circular  waveguide 
model  functions  is  easily  found  in  cylindrical  coordinates.  Borgiotti’  and  Amitay,  Galindo  and 
Wu'®  have  given  the  desired  results. 

We  note  that  Equation  (16)  is  very  similar  in  form  to  the  equations  encountered  in  phased 
array  analysis.'®  In  fact,  existing  phased  array  computer  programs  can  easily  be  modified  for  our 
purpose. 

C.  POLARIZATION  AND  SCATTERING  CHARACTERISTICS 

The  equations  in  the  previous  subsection  were  based  on  expansions  in  terms  of  waves  TM 
and  TE  to  z.  F'or  z > d,  only  ihe  propagating  modes  contribute  and  we  can  define  a scattering 
matrix  by  using  Equation  ( 14).  For  single  mode  propagation,  we  define  the  scattering  matrix 
notation 


b|  ~ S||  ai  S|2  a^  (18a) 

bj  — Sji  ai  S22  a2  (18b) 

where  a,(a2)  is  the  magnitude  of  the  TM(TE)  incident  field  and  b,(b2  ) is  the  magnitude  of  the 
TM(TE)  refiected  field. 

Since  the  contemplated  use  is  with  circularly  polarized  fields,  it  is  desirable  to  relate  the 
TM-TE  .scattering  matrix  to  the  circularly  polarized  scattering  matrix. 

I’r  ■ ^rr  “r  ^rv  (I'  a) 

bg  = Sg,  a,  + Sgg  ag  ( l*)b) 

where  the  subscripts  r and  fi  arc  short  for  right  and  left  handed  circular  polarization. 
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To  relate  F luations  (18)  and  (19),  we  consider  the  following.  I'or  the  reflected  fields,  we 
can  define  right-  and  left-handed  basis  vectors" 

For  the  incident  fields,  the  basis  vectors  are  the  complex  conjugate  of  those  in  Equation  (20). 
The  theta  and  phi  comixinents  of  the  complete  spectrum  (i.e.,  transverse  and  axial  components) 
arc  easily  found  to  be 

e,  • b = b|/cos  • b = bj 

where  1)  is  the  complete  spectrum  and  7 = cos  0.  For  the  reflected  fields  we  use  Equations 
(20)  and  (21)  and  find 


>\  = 5,*  • b = -y=  (b,/cos  0 + j bjl 


bj  = e/  • b = ^ (b,  /cos  0 - j bj  1 

Similar  relations  hold  for  the  incident  fields.  Using  these  relationships  we  find; 


=—  |(S,,  - Sij)  + j (cos  0 S21  + Sij/cos  0)1 

S,  = ^ I(S,,  + Sjj)  + j (cos  0 Sj,  - Sij/cos  0)1 

S^r  = J l(S|l  + Sjj)  - (COS  0 Sj,  - S,j/COS  0)) 

^ ~ " j ® S,2/cos  0)1 

The  axial  ratio  of  the  reflected  wave  is  given  by 


I lb, I - Ibjl  i 

~b,|  + Ibjl 


Other  par;  meters  of  interest  such  as  polarization  loss  are  similarly  found. 

As  I simple  example  of  the  princ  iple  of  the  reflectarray,  we  consider  scattering  by  two 
orthogonal  elements  as  shown  in  Figure  3 We  can  easily  reason  that 

S||  = -cos  2o  Sji  = -sin  2a 

$12  = -sin  2a  S22  = cos  2o 
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Using  Equation  (23)  we  find  at  0 = 0 degree 
that 

h,  = exp  (j  2o)  a, 
bj  * - exp  (-j  2a)  a* 

Thus,  the  phi^  shift  is  equal  to  twice  the 
rotation  angle. 

D.  NUMERICAL  ASSESSMENT 


Figure  3.  Geometry  of  Idealized  Element  This  subsection  presents  the  results 

whicn  illustrate  the  convergence  of  the 
solution,  comparison  with  other  theoretical 
and  experimental  data,  and  compares  the  theory  with  new  experimental  results  obtained  using  a 
microstrip  element  in  a waveguide  simulator. 

The  necessary  check  of  conservation  of  energy  was  applied  to  lossless  structures  and 
agreement  obtained  to  the  precision  accuracy  of  the  IBM  370  system  in  the  single  precision 
mode.  Perhaps  the  most  interesting  data  was  obtained  in  a short  study  of  the  selection  of  disk 
morles.  Chen'^  has  referenced  the  work  of  Mittra'^  and  Lee'^  as  a foundation  of  convergence 
theory.  The  relative  convergence  phenomenon  requires  proper  selection  of  the  ratio  of  the 
number  of  modes  on  ilie  disk  and  the  number  of  Floquet  modes.  Mittra'^  and  Lee*^  have 

studied  geometries  defi  ied  by  constant  Cartesian  coordinate  values.  Mastermann'^  has  studied 

cylindrical  geometries  as  well.  In  general,  the  modes  must  be  chosen  so  that  the  modal 
coefficients  have  the  proper  edge  condition.  Mittra  and  Lee“  have  shown  that  the  current  at  the 
edges  of  the  disk  must  hi  have  as 

■I,(Ej)  = 0 l(a  - r)'‘l  r -►  a (25a) 

J^(r.f ) = 0 l(a  - r)  ^lr-*-a  (25b) 

We  may  relate  these  conditions  to  the  asymptotic  value  of  the  coefficients,  g^.  For  a constant 
angular  index,  we  examine  the  cylindrical  modal  functions  for  large  radial  indices  and  find  that 
in  order  for  the  series  to  sum  to  the  singular  values  in  Equation  (25)  we  must  have 

0 (m~  ’^^ ) , m -♦  o®  , TM  modes 

Km  = ’ (26) 

0 (m~  ^(^ ) , m oo  , TE  modes 

where  m is  the  radial  index  for  a constant  angular  index. 

Before  usine  Equation  (26),  we  consider  plotting  the  data  similarly  to  previous 
authors;'^’ i.e.,  vaiy  the  number  of  disk  modes  for  a fixed  number  of  Floquet  modes. 

I igure  4 illustrates  the  susceptance  of  two  disks  in  a waveguide  as  a function  of  the  m iximum 
r idial  index,  m„,„.  For  the  case  of  a maximum  Floquet  index  of  Pn,,,j  = 4 (i.e.,  81  I'loquet 
modes  since  p.^j^  = ^n  abrupt  discontinuity  at  m^,^  = 3.  This  is  ihe  value 

indicated  by  the  equatitm 
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Figure  4.  Convergence  of  Suioeptance  of  Circular  DUu  in  a 
Waveguide  (2a  ■ 0.381  cm,  f ■ 9 GHz) 


II 


Similar  betiavioi  is  noted  for  ~ abrupt.  We  note  that  there  is  little 

(lifferencc  in  the  results  obtained  using  modes  which  have  a maximum  angular  index  of  1 and  3. 
file  heavy  solid  line  in  Figure  4 indicates  the  convergence  of  the  data  with  m^,^  = 1 and  the 
modes  chosen  according  to  I quation  (27).  Figure  5 illustrates  the  behavior  of  the  mode 
coefficients  for  this  case  witi  = 13  and  the  Floquet  modes  chosen  according  to 

I <|uation  (27).  The  asymptotic  behavior  as  given  in  Equation  (26)  is  satisfied  quite  well  except  at 
(he  largest  indices.  This  i;  similar  to  the  results  found  by  Lee.** 

Thus,  for  the  re^  ilts  in  this  analysis,  we  generally  use  the  mode  choice  of  n„,^  = 1, 
'**iiiax  ~ ^ ****‘*  Pmax  ^C'  onling  to  Equation  (27).  Of  course,  in  cases  where  symmetry  can  be 
used,  it  is.  If  is  interesting  to  note  that  frequently  in  phased  array  problems,  the  modes  are 
chosen  on  a physical  basis  of  cutoff  frequency  and  symmetry.*''  The  edge  singularity  in  a phased 
array  is  much  less  abru)  t than  the  disk  edge  in  the  cunent  problem.  Hence,  the  mode  choice  is 
not  as  critical.  Here,  an  incorrect  mode  selection  can  cause  significant  error. 

Figure  6 illustrates  the  more  complete  results  of  the  configuration  examined  for 
convergence  above.  Shown  for  comparison  is  theoretical  data  of  Chen*  and  the  experimental 
data  of  Eggimann  and  Collin.'  We  note  that  much  better  agreement  with  experiment  is  obtained 
witli  the  chosen  mode  selection. 

Figure  7 illustrate^  the  susceptance  of  the  disks  as  a function  of  the  disk  to  ground  plane 
distance.  The  disk  susccpiancc  was  obtained  by  using 

B = Bj  + cot  y d (28) 

where  B p is  tl  e susceptance  of  the  disks  above  the  ground  plane  at  the  plane  of  the  disks.  We 
note  that  the  ^usceptance  is  independent  of  th  • ground  plane  when  d/Xg>0.05.  For  smaller 
spacings,  the  higher  order  modes  couple  \ ith  the  ground  plane  and  alter  the  disk  susceptance. 

The  most  convincing  check  of  the  theory  is  a comparison  with  a microstrip  experiment. 
Figures  illustra'es  a comparison  of  the  simulator  measured  reflection  coefficient  with  the 
theoretical.  The  phase  is  referenced  to  the  ground  plane  in  both  cases.  Excellent  agreement  is 
obtained.  We  note  that  the  n sonant  frequency  is  predicted  to  within  0.2  percent.  This  degree  of 
agreement  was  made  possible  by:  ( I ) measuring  the  dielectric  substrate  parameters  with  a 
waveguide  cavity,  (2)  correcting  the  data  by  using  the  measured  scattering  matrix  parameters  of 
the  simulator,  and  (3)  using  the  automatic  network  analyzer. 

It  is  interesting  to  note  that  in  the  simulator  both  the  p = 0 and  p = -1  modes  propagate. 
However,  these  modes  are  degenerate  and  the  total  reflection  coefficient  is  obtained  by  their 
superposition. 
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Fi^ire  5.  Modal  Coefficients  of  Circular  Disks  in  a Waveguide  (2a  = 0.381  cm,  f = 9 GHz) 
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E.  THEORETICAL  RESULTS 

The  experimental  data  illustrates  that  the  return  loss  at  resonance  is  about  -1.4dB. 
Similar  data  was  observed  with  the  diodes  mounted  in  the  element.  In  fact,  this  theoretical  study 
was  initiated  to  find  the  source  of  this  loss  and  possible  techniques  for  reducing  it.  As  is  clear 
from  the  data,  the  loss  is  due  to  the  dielectric.  It  is  well  known  that  micTXJStrip  losses  depend 
strongly  on  the  substrate  thickness.*®  Figure  9 illustrates  the  reflection  coefficient  in  the 
simulator  environment  for  an  0.3048-cm  substrate.  We  note  that  the  resonant  frequency  has  been 
lowered  and  tin  return  loss  decreased  to  about  -0.7  dB. 


Figure  10  illustrates  the  effect  of  decreasing  the  element  spacing.  The  loss  at  resonance  has 
dei  leased  to  about  -0.4  dB.  We  note  that  this  data  also  illustrates  the  effect  of  the  loss  tangent 
on  he  results.  I he  loss  tangent  effects  the  reflection  coefficient  phase  minimally.  The  dielectric 
lo.s.s  primarily  changes  the  magnitude  of  the  reflecrion  coefficient.  This  data  is  calculated  for  the 
casi  of  0-degree  incidence  angle.  As  a comparison,  Figure  1 1 illustrates  the  0-degree  incidence 
casi  for  the  geometry  examined  in  the  simulator.  The  incidence  angle  variation  primarily  effects 
the  re.sonant  frequency.  The  loss  characteristics  are  essentially  unchanged  with  scan  angle.  In 
comparing  the  results  of  Figures  10  and  11,  we  note  that  the  grid  selection  has  lowered  the 
rescnant  freiiuency  by  about  3 percent.  It  is  interesting  that  we  can  calculate  the  resonant 
freiiuency  of  the  isolated  disk  using  Itoh’s”  theory  as  given  in  Coen  and  Gladwell.^®  For  the 
current  parameters  we  find  (using  the  gate  function)  that  f^  = 2.832  GHz  when  d = 0.15022  cm 
and  f'o  = 2.707  GHz  when  d = 0.3048  cm. 

Figure  12  illustrates  the  combined  effect  of  an  increase  in  substrate  height  and  decrease  of 
grid  spacing.  The  resonant  frequency  has  decreased  further  and  the  return  loss  at  resonance  is 
now  less  than  0.2  dB. 


Tlie  above  data  has  shown  that  it  is  clearly  possible  to  dramatically  change  resonant 
frequency  and  loss  by  the  selection  of  substrate  thickness  and  grid  spacing.  All  the  data  was  for 
TH  incident  polarization  either  in  a simulator  or  at  Odegree  incidence.  Figure  13  illustrates  the 
effect  of  polarizalion  and  incidence  : ngle  variation  at  a single  frequency.  The  results  are 
somewhat  indistin)  uishable  between  TE  or  TM  polarization  out  to  0 = 40  degrees.  Howevei . the 
pha.se  of  the  reflei  tion  coefficient  (and  I ence  the  resonant  frequency)  is  a strong  function  of  the 
incidence  angle.  1 lie  magnitude  of  the  i .^flection  coefficient  changes  little  with  incidence  angle. 

Implicit  in  the  data  presented  thus  far  has  been  the  bandwidth.  However,  we  must  be 
careful  in  defining  the  bandwidth. 


If  we  consirler  the  array  to  be  a resonator,  the  3-dB  bandwidtii  is  determined  from  the 
frequencies  where  the  reflection  coefficient  has  the  magnitude^' 

IRP  = (iR.,|2  + |RV)/2  (28) 

where  R„  is  the  reflection  coefficient  at  resonance  and  R'  is  the  reflection  coefficient  far  away 
from  resonance.  If  |R„|  = 0 and  IR'I  = 1,  we  have  the  well  known  result  that  R = Vi.  For  example, 
the  bandwidth  of  the  element  with  the  data  in  Figure  8 is  approximately  70  to  8(' MHz  (or 
about  2.6  percent).  The  bandwidth  of  the  compact  grid  example  in  Figure  10  is  appi  >ximately 
180  MHz  (6.5  percent).  The  low  loss  example  in  Figure  12  has  a bandwidth  of  appioximately 


360  MHz  (14.1  percent  >.  Hence,  all  efforts  to  decrease  the  loss  have  also  increased  the 
bandwidth. 

However,  for  the  reflectarray  mode  of  operation  the  half  power  bandwidth  may  not  be  thi. 
desired  measun.  of  bandwidth.  A more  meaningful  bandwidth  measure  can  be  derived  by 
considering  the  |H)larization  characteristics  of  the  array.  In  particular,  the  limiting  factor  is  easily 
seen  to  I'e  the  ilcpolarization  of  the  reflected  field.  As  an  example,  we  consider  that  the  short 
circuit  reflection  coefficient  is  perfect  and  equal  to  -1.  ITie  open  circuit  reflection  coefficient  is 
assumed  to  have  only  a phase  error  and  to  be  equal  to  exp(j0).  We  can  easily  find  that  the  cross 
lK>larizal  on  of  the  reflect  field  is: 


...  / 1 — cos  d 

cross  polarization  = / 

\ 1 + cos  d 


A phase  ciror  of  35.1  degrees  causes  the  cross  polarization  to  be  -10  dB,  while  an  11.4-degree 
error  causes  a cross  polarization  level  of  -20  dB.  Thus,  we  see  that  the  cross  polarization 
bandwidth  is  as  much  as  an  order  of  magnitude  smaller  than  the  half  power  bandwidth. 
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Figure  9.  Effect  of  Substrate  Thickness 


2.5577.  TAN  6 = 0.002,  D = 0. 15022  CM 
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Figure  1 2.  Combined  Effect  oi  Increasing  Substrate  Thickness  and 
Decreasing  t iement  Spacing 
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SECTION  III 

EVALUATION  RESULTS 


\.  PRELIMINARY  EVALUATION 
I Objective 

The  objective  of  'his  initial  evaluation  was  to  gain  additional  understanding,  based  on 
ni  -asured  data,  into  thv  operating  characteristics  of  the  basic  microstrip  antenna  element 
p;  ticulurly  in  the  area  ol  increasing  the  useful  bandwidth. 

2.  Test  Arrangement 

The  measurements  for  this  evaluation  were  made  using  a manually  operated  network 
analyzer.  The  test  setup  block  diagram  is  shown  in  Figure  14. 


DISK  CLEMENT 
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Figure  14.  Preliminary  Evaluation  Teat  Setup 


3.  Test  Proceilure 


The  preliminary  evaluation  consisted  of  two  series  of  measurements.  The  first  measurement 
scries  were  made  on  an  air  dielectric  element  excited  at  the  coaxial  ports  and  operating  in  the 
I ansmission  mode.  The  voltage  reflection  coefficient  looking  into  the  coaxial  port  was  measured 
a a function  of  frequency  and  the  element’s  height  above  the  ground  plane  while  radiating  into 
li  e space.  The  distance,  b.  between  the  coaxial  port  and  the  element’s  center  was  held  constant. 

'l  l e second  measurement  series  were  basically  the  same  as  one  except  these  elements  were  built 

oi  0.06-inch-thick  Teflon-fiberglass  material.  In  this  instance,  the  input  reflection  coefficient  was  | 

nu  a.siired  as  a function  of  frequency  and  element  geometry.  [ 

4.  Measured  Data 

The  clement  under  consideration  is  the  center-shorted  circular  disk  element  ^llown  in 
b'ifure  15.  Wl  en  operating  as  a transmissive  element,  this  device  is  fed  by  an  offset  electric  field  , 

probe  at  a P'  int  within  the  perimeter  of  the  element.  The  resonant  impedance  of  the  clement  is 
determined  I v the  height  of  the  element,  the  dielectric  constant,  and  the  distance  from  the 
center  at  which  the  probe  is  located.  The  resonani  frequency  of  the  element  is  determined 
primarily  by  ihe  diameter  of  the  element  when  the  cavity  formed  by  the  disk  and  an  (assumed) 

magnetic  conducting  wall  joining  the  upper  and  lower  conducting  surfaces  around  the  periphery  h 

will  operate  in  ihe  Hqi  mode.  The  resonant  frequency  is  approximately  given  by  1 

' \ 

f„  ^ 1.841c/2  TT  a v'er  (29)  j 

where  the  multiplicative  constant  is  the  first  zero  of  the  derivative  of  the  first  order  Bessel  j 

function,  c is  the  free-space  speed  of  light,  a is  the  radius  of  the  disk,  and  is  ilie  dielectric  j 

ciinstunt  of  the  suKstratc.  I 

figure  16  shows  the  radius  of  the  disk  element  over  the  frequency  rangi  from  1 to 
3'(JHz  for  various  dielectric  substrates.  In  the  order  of  increasing  dielectric  constant,  these 


renresent  designs  for  air,  Tetlon- fiberglass,  alumina,  and  silicon,  respectively.  Tlie  choice  of 
dielectric  material  will  depend  on  the  relative  density  ol  elements  required  by  the  scan  volume 
and  to  some  extent,  on  the  technique  chosen  for  fabrication  of  the  element. 

Figure  17  shows  the  summarizeil  results  of  the  measurement  on  the  air  dielectric  model. 

The  element  radius,  a,  was  equal  to  2.31  inches.  The  ground  plane  radius  was  greater  than  10a.  i 

Plotted  as  a function  of  the  ratio  of  the  element’s  radius  to  distance  above  the  ground  plane,  i 

d/a.  are  the  measured  resonant  resistanci-,  R,  normalized  to  50  ohms,  the  resonant  frequency  I 

plotted  as  a percentage  difference  from  the  calculated  value  and  the  bandwidth  expressed  as  a i 

percentage  of  the  re>  mant  frequency,  f„,  n which  the  input  VSWR  is  less  than  2;1  : 

The  search  fo  bandwidth  improvement  by  modifying  the  element’s  shape  was  not  || 

successful,  blement  g>  ometries  evaluated  included  the  one  suggested  in  the  proposal  in  addition 
to  other  shapes  consisting  of  a disk  surrounded  by  one  or  more  concentric  rings.  The  disk  radius  , 

was  maintained  at  0.723  inch.  The  rings  were  typically  spaced  at  0.020  to  0.030  inch  and  their 
width  varied  between  0.050  to  0.100  inch. 

I' 

No  bandwidth  in  provement  was  observed.  i 
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Figure  IS.  Center-Shorted  Circular  Disk  Element 


B.  PRIMARY  EVALUATION 

1 . Objective 

The  objeci  ve  of  his  evaluation  is  to  determine  the  feasibility,  performance,  and  design 
limiiations  of  a d ode-loa  led  microstrip  antenna  operating  in  the  reflection  mode. 

2.  Test  Arran;  cment 


The  test  setup  used  for  this  evaluation  is  shown  in  I'igure  18.  All  measurements  weie  made 
usitii!  the  Hewlett-Packard  Automatic  Net'  'ork  Analyzer  to  ensure  the  accurate  documentation  of 
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Figure  1 6.  Radius  of  Disk  Eleinent  Ve  sus  Frequency  With 
Dielectric  Constant  as  a Pa  ameter 


both  amplitude  and  phase  at  known  frequencies.  The  lest  fixture  was  a waveguide  dual-mode 
transducer,  Figure  19.  Since  each  port  excites  the  TE,o  and  TEqi  modes  with  equal  amplitud.'S, 
(he  resultant  fields  are  diagonally  polarized  modes. 

Consider  the  similar  geometry  and  the  diode  placement  as  shown  in  Figure  20.  I'he 
II  icrostrip  element  will  in  general  couple  the  TE,o  and  TEqi  modes.  The  exceptions  are  when 
0 = 0,  jr/2,  jr,  and  3ir/2.  Only  at  these  angles  will  the  simulator  give  valid  array  simulation.  As  an 
c'.impic.  consider  that  only  the  TEj©  mode  is  incident.  This  mode  simulates  an  H-plane 
in  idcnce  (TF  polarization).  In  the  simulator,  if  the  orthogonal  mode  is  excited  it  also  propagates 
in  the  orthogonal  plane  with  TE  polarization.  However,  when  a plane  wave  excites  an  array,  this 
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cross  pol;iri7.ution  is  propagated  away  in  the 
same  plane  but  in  the  b-plane  (TM  polar- 
ization). Hence,  the  waveguide  does  not 
simulate  an  array  whenever  ;ross  polariza- 
tion is  excited.  Only  at  multinles  of  a = jr/2 
is  there  no  cross  polarization  excited.  How- 
ever, we  would  expect  the  results  to  be 
approximately  valid  if  the  b and  H plane 
performance  is  similar.  The  theoretical 
results  support  this  and,  thus,  we  can  use 
the  simulator  with  an  arbitrary  a within  this 
approximation. 

The  test  fixture’s  ports  1 and  2 were 
attached  to  the  analyzer  and  represent  the 
incasuremen(  plane  of  reference.  The 
.-lenient  unde  test  was  attached  to  the 
s(|uare  waveguide  end  of  the  fixture,  ports  3 
and  4.  The  performance  plane  or  the  plane 
of  reference  ; t which  the  element’s  perfor- 
mance is  spec-  led  is  represented  by  its  front 
surface. 

3.  Test  Procedure 
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Figure  20.  Diode  Placement  in  Simulator 


The  test  procedure  followed  to  characterize  the  reflectarray  elements  consisted  of  first 
determining  the  test  fixture’s  transfer  parameters  between  the  planes  of  measurement  and 
performance. 


The  test  fixture  is  modeled  by  the  following  matrix  to  relate  measured  port  1 and  2 
rcllection  and  transfer  parameters  to  the  element  parameters  at  ports  3 and  4, 


Sli 

0 

Sl3 

*14 

br 

0 

Sja 

*23 

*24 

32 

(30) 

bs 

s ti 

S32 

*33 

0 

33 

b4 

S4I 

S42 

0 

*44 

34 

where  s^,  Sji,  S34,  and  S4J  were 

measured  to  be  of  the  order  of 

-50  dB  and  were 

measured  to 

be  zero.  Then,  by  definition 

bs 

“ ^383 

(31) 

and 

b4 

= R4a4 

(32) 

where  R3  and  R4  are  the  reflection  coefficient  of  ports  3 and  4.  Then  taking  into  account  the 
guide  impedance  and  reciprocity  the  following  equations  were  written; 


w!icre  Z^^  is  the  rectang  ilar  guide  impedance  and  Zj  is  the  square  guide  impedance.  Combining 
hquations  (30)  through  (.t2)  the  following  equations  resulted: 
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Then  ports  3 and  4 were  loaded  so  that  Sn  and  Sjj  were  determined  from  Equations  (37)  and 
(3.S).  Ileiue; 


s,,' 

= s„ 

S22' 

= S22 

Bv  using  a sliding  short  at  port  3 and  a load  at  port  4,  and  reversing  the  ports,  the  ' allowing 
eijuations  resulted: 

RsBfSii' Aj  — $11 ) — R3  AfSji'Bs  — S|, ) 

S33  ; R4  = 0 (43) 

R,A  • RjB  • (S,,-  - Aj  -S„'B4)  ^ 


^ _ R4B(S„'  v,  - s„)  - R4A(S„‘B4  - s„)  „ ^ 

S44  ; R,  = 0 '44) 

R4A  • R4B  • (S,,' A4  - S,,'B4) 

where  R3A  ant  R3B  represents  a zero  short  and  a 1-inch  offset  short,  respectively,  at  port  3. 
Then  the  follov  ng  equations  were  derived  us  ng  Equations  (37)  and  (38): 


S14S41  = 

S13S31  = 
SJ3S3J  = 


(1  — S44  • R4  A)  (Sii'A4  — Sii ) 
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Eq  lutions  (33)  througl  (37)  were  used  to  resolve  the  above  products.  The  follow  ng  equations 
res  ilted: 


[Z,  • S,4  • 
” N Z„ 


Zs  ‘ Si3  S 


14  " S41 

13  S31 


Zs  * S23  S3 


S42  ~ - 1 


I Zc  ' S24  S4 


Where  the  sign  < f the  ; hove  radicals  were  determined  by  substitution  into  Eiiuations  (39)  and 
(40)  and  compaiing  with  measured  data.  The  test  fixture  was  characterized  <>n  the  automatic 
network  analyses  (ANA)  using  GPM-1.  To  accomplish  the  characterization,  the  /\NA  was 
calibrated  in  rectangular  waveguide  (WR284).  A standard  calibration  kit  (slid  ng  load, 
termination,  zero  short,  offset  short,  two  waveguide  to  APC7  adapters)  was  used  to  a complish 
this  task.  The  measurement  plane  was  established  at  the  surface  of  the  wavegii  de  flange 
(Figure  18).  Ports  1 and  2 of  the  test  fixture  were  connected  to  the  ANA  (Fig  re  19).  A 
terminated  stiuare  waveguide  was  attached  to  ports  3 and  4,  and  measurements  were  r ade.  Then, 
a sheet  of  polarization  grid  paper  was  placed  in  front  of  the  stjuare  waveguide  termination. 
Measurements  were  made  with  the  grid  aligned  with  each  of  the  principle  planes  of  the  srjuare 


waveguide.  Next,  at  extension  (2.460  inches  long)  was  placed  between  ilie  polarization  grid  and 
ports  3 and  i,  and  i teasuren  ents  were  made.  The  terminations  were  assumed  to  be  perfect  loads 
or  shorts. 


The  following  relations  along  with  the  test  fixture  characterizations  relate  the  elemeni 
perfonnance  at  the  plane  of  measurement  to  the  element  performance  at  the  plane  of 
performance. 


and 


bo  _ (Sqi)  ) (S,)i)| 

, bi  , .(S|o)  (Sii )]  [ai  I 
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(54) 

(55) 


By  partitioning  the  test  fixture  matrix  as  shown  above  and  using  matrix  algebra,  the  following 
ciiuations  were  derived: 


where 


iri  = [(s„)  + (s,o) 
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Sii' 
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(57) 


The  matrix  "M”  repiesents  the  measurements  made  at  ports  1 and  2 with  the  clei.  ent  installed 
in  the  tesi  fixture.  By  using  Equation  (56)  and  the  characterization  scatter  matrix,  the 
measurement  plane  v'as  translated  to  the  performance  plane.  To  check  the  val  ,lity  of  the 
measurement  system,  a short  ng  plate  was  placed  at  ports  3 and  4.  The  data  from  tue  ANA  was 
tran.slated  by  compir.'r  prog  am.  Figure  21  shows  a plot  of  the  complex  reflection  coefficient 
versus  frequency.  T le  errors  in  the  reflection  coefficients  represent  the  combination  of 
measun.  nent  errors  a d the  errors  resulting  from  the  assumption  of  perfec  terminations. 

4.  R<  flectarray  Element  Fabrication 

TIk-  diode-loaded  microstrip  antenna  elements  which  were  tested  as  part  of  this  evaluation 
consisted  of  the  four  piece-p;  rt  assembly  shown  in  exploded  front  and  back  views  in  Figures  22 
and  23.  he  microstrip  element  is  defined  on  the  front  metalization  of  one  of  the  Teflon 
fiberglass  U.06-inch  material,  Figure  22.  The  hole  in  the  center  of  the  element  is  initially  used  as 
part  of  the  alignment  guide  to  match  drill  the  boles  to  mount  the  diodes.  The  backside  groun  1 
plane.  Figure  23,  of  this  piece  part  shows  the  metalization  removed  in  those  areas  reserved  l r 
diode  mounting  to  prevent  the  . iode  mounting  post  shorting  to  ground.  The  second  assem  y 
part  is  the  dielectric  material  (0.(  01 -inch-thick  Kapton)  used  to  form  the  mic  owavc  capacii  rs 
required  for  the  bypassing  of  e.ich  diode.  The  third  part  is  a second  piec.  of  double-si  cd 
ilieicctric  material.  The  metalization  which  will  be  in  contact  with  the  Kapton  is  etched  to  form 
t le  bypass  capacitor  s top  plates.  The  backside  metal  is  etched  to  a similar  pattern  for 
lonvenienic  and  serve  as  a bias  contact.  The  center  hole  is  used  for  alignment  The  remaining 


Figure  21.  Reflectairay  Antenna  Element  Test  Fixture 


Reflecfarray  Microstrip  Element  Exploded 


holes  ;irc  plateil-through  to  allow  contact  between  the  diode  mounting  post,  the  capacitor  top 
plate,  and  the  bias  pad  The  fourth  piece  part  is  the  diode  subassembly  which  consists  of  the 
diode  (TI-MD87I),  the  diode  mount/bias  post,  and  the  “flying  lead”  contacting  the  top  diode 
metalization.  Tliis  subassembly  was  a purchased  part.  The  diode’s  reversed  biased  capacitance  was 
less  than  0.  l5pK  and  its  series  resistance  is  less  than  2 ohms.  A drawing.  Figure  24,  shows 
further  description. 

The  etch  patterns  were  defined  using  standard  photolithographic  techniques.  This  process 
was  nece,s.sary  due  to  the  tight  tolerancing  and  close  metalization/component  spacing.  The 
element  shown  in  Figures  22  and  23  allows  up  to  16  diodes  to  be  positioned  at  22.5  degrees 
spacing,  0.215  inch  from  the  cement’s  center.  Other  elements  were  fabricated  for  evaluation 
which  had  provisions  for  two,  f(  ur,  or  eight  diodes. 

The  a.s.scinbly  procedure  in  all  cases  first  consisted  of  placing  the  two  etcheil  boards 
together  and  properly  aligning  using  the  center  guide  hole.  The  diode  mounting  holes  were  then 
matched  drilled  through  both  pieces  using  an  0.031-inch  drill.  After  hole  deburring  and  cleaning, 
ihese  pieces  were  soldered  together  along  their  outer  edge  with  the  Kapton  dielectric  sandwiched 
111  the  center.  Alignmen  pins  were  used  during  this  step  to  ensure  that  all  parts  were  in  their 
proper  place.  The  diode  uba.s.sembly  was  then  inserted  in  the  previously  drilled  holes,  puncturini: 
II  e Kapton  in  the  process  to  a position  where  the  diode  was  approximately  0.020  inch  from  the 
e inent’s  surfaces.  The  diode  mounting  post  was  then  soldered  to  the  plalcd-through  hole 
n -lalization  and  the  diode’s  flying  lead  was  bonded  to  the  top  metal.  Figure  25  shows  a 
Cl  wMi-sectional  view  of  the  diode  mounting.  The  final  assembly  step  was  to  expose  the  element’s 
gi  >und  plane  near  the  center  from  the  back  so  that  the  element  could  be  ground  at  this  point 
and  a wire  attached  to  .sci-ve  as  the  common  lead  for  dc  biasing  the  diodes. 
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Figure  26.  Reflectarray  Microstrip  Element;  16  Diodes-Front  View 


The  completed  assembly  is  shown  in  Figures  26  and  27.  The  back  board  is  made  larger  so 
that  its  metalization  which  is  soldered  to  the  element’s  ground  plane  can  provide  the  necessary 
grounding  to  the  test  fixture’s  waveguide  flange.  The  diodes  can  be  independently  biased  by 
connecting  a dc  supply  between  the  common  lead  and  any  given  diode  mounting  post. 

5.  Measured  Results 

The  results  of  the  primary  microstrip  antenna  evaluation  are  presented  in  this  subsection 
to  demonstrate  its  performance  with  diode  loading.  All  performance  is  referenced  to  the 
element’s  front  surface.  The  design  and  fabrication  of  all  elements  to  be  described  is  exactly  the 
same,  the  only  difference  is  the  number  of  loading  diodes. 

The  first  performance  presented  is  the  4-diode  element.  Figure  28,  Figures  2*1,  .10,  and  31 
show  R33,  R44  and  the  cross-coupling  parameter  R34/R43  as  a function  of  frequency  near 
resonance.  The  forward/reverse  bias  diode  state  is  described  bv  1010  (plane  44'  diodes  on,  plane 
33'  diodes  ofO  and  0101  (plane  33'  diodes  on,  plane  44'  diodes  off).  In  the  plane  of  the 
forward  biased  diodes,  the  magnitude  and  phase  of  the  element’s  reflection  coefficient  (i.e.,  R44 
in  Figure  29  and  R33  in  Figure  30)  are  seen  insensitive  to  frequency.  (>n  the  other  hand,  in  the 
plane  of  the  reverse  biased  diodes,  the  reflection  coefficient  is  seen  to  varv  in  a manner  similar 
to  the  element  without  diode  loading.  The  difference  in  performance  for  the  two  diode  states 
can  be  seen  more  clearly  when  the  data  from  Figures  29  and  30  is  plotted  as  shown  m Figure  32. 
R44  (1010)  and  R33  (0101)  data  points  are  so  close  together  onlv  the  lowest  and  highest 
frequency  points  are  plotted.  Also  plotted  arc  the  calculated  forward  and  reverse  bias  diode 
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Figure  27.  Reflectarray  Microstrip  Elements;  16  Diodes-Back  View 
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Figure  28.  Reflectarray  Microstrip  Antenna:  4 Diodes/90-Degree  Spacing 
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Figure  29.  Reflectarray  Microstrip  Antenna  Element  Performance 


vre  Reflectamy  Macrostrip  Anteima  Element  Peiforniance 


Figure  31.  Reflectarray  Microstrip  Antenna  Element  Performance 


impedance.  Good  agreement  exists  between  the  frequency  at  which  the  element  has  its  best 
performance  and  the  frequency  at  which  the  diode’s  reflection  coefficient  has  a 180-degree  phase 
differential. 

I’igure  3 1 .hows  the  element’s  cross-coupling  performance  for  the  two  diode  states. 

Figures  33  and  34  show  the  effect  on  the  reflection  coefficient  in  the  plane  of  the 
lorward-biased  diodes  between  both  iliodes  on,  or  one  on  and  one  off. 

As.suming  the  legitimacy  of  combining  the  elements  reflection  coefficients  into  a resultant 
I * ri  lected  E-field  vector,  by  simple  ve  .tor  addition,  element  performance  can  be  expressed  in 

p asc  shifter  parameters.  For  exampk.  Figure  35  presents  the  differential  phase  error  between 
di  )de  states  and  Figure  36  shows  the  lesultant  E-field  amplitude  for  the  same  diode  states.  The 
rejection  lo.ss  in  the  vicinity  of  2.91  GHz  is  approximately  1.6  ±0.3  dB. 

Figure  37  shows  a 3-bit  phase  shift  realization  using  eight  diodes.  The  diodes  are  spaced  at 
22. 5 degrees.  The  numbers  by  the  diodes  indicate  the  phase  state  with  state  1 being  used  as  the 
reference.  Figures  38  through  49  present  the  element’s  performance  for  each  phase  state. 

Figures  38  and  3‘)  show  R33  and  R44  plotted  versus  frequency  about  the  element’s  center 
fre<iuency  for  diode  on.'  or  five  forward-biased.  Figure  40  shows  the  same  data  plotted  on  a 
Smith  chart.  Figure  41  shows  the  cross-coupling  performance  for  diodes  states  1 and  5.  Also 
shown  is  the  state  where  all  diodes  are  reverse-biased.  Figures  42  through  47  show  R33  and  R44 
performance  for  diode  states  2,  3,  4,  6,  7 and  8.  Figures  48  and  49  are  plots  showing  the  8-diode 
element  sim  lar  to  the  4-diode  performance  of  Figures  35  and  36. 

C.  ANAL  YSIS 

The  variation  of  the  parameters  shown  in  figure  17  can  be  related  to  the  relationship 
between  the  disk  fringing  capacitance  and  its  capacitance  with  the  fringing  capacitance  ignored 
(direct  capacitance).  This  ratio  is  directly  proportional  to  the  d/a  ratio.  For  example,  as  d/a 
increases,  the  percentage  of  the  fringing  is  increased  relative  to  the  direct  capacitance.  If  the 
capacitance  ratio  is  near  zero,  equivalent  to  cl/a  approaching  zero,  the  cavity  which  is  assui  led 
fomied  by  the  upper  and  lower  conducting  surfaces  would  have  a diameter  equal  to  the  disk 
diameter.  For  nonzero  capacitance  ratios,  the  clement  can  be  vie  wed  as  a cavity  with  an  effective 
tadui.s  greater  than  the  actual  disk  radius.  Therefore,  the  difference  between  the  measured  and 
the  calculated  resonant  freciuency  approaches  zero  as  d/a  approaches  zero. 

For  a fixed  coaxial  port  position,  the  b/a  ratio  varies  inversely  as  d/a  with  a corresponding 
decrease  in  the  measured  driving  resistam  ’.  The  element  bandwidth  can  be  viewed  as  determined 
by  the  loading  of  the  generator  impedanc  • at  the  coax  input  and  the  loading  effect  of  free  space 
(i.e.,  the  disk  radiation  efficiency).  At  small  d/a  or,  equivalently,  d/X„  ratios,  radiation 
appro.iches  zero,  the  generator  loadings  approach  a constant,  allowing  the  bandwidth  to  become 
a constant.  As  d/a  increases,  the  bandwidth  should  increase.  The  parameter  variation  over  the 
indicated  d/a  range  shows  these  trends. 

The  bandwidth  improvement  evaluation  produced  no  noticeable  bandwidth  increase  for  the 
chosen  element  topographies.  The  criterion  for  this  evaluation  was  the  coaxial  port  reflection 
coefficient  versus  frequency. 
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Figure  33.  Reflectairay  Microstrip  Antenna  Element  P^ormance 


CONFIGURATION  - DIODES/90  DEGREE  SPACING 
DIODE  STATE  - 1 0OO/0 1 00/ 10 lO/0 1 0 1 
B/A  -0.297 

DIFFERENTIAL  PHASE  (NOMINAL)  = 180  DEGREES 


^5.  Reflectarray  Microstrip  Antenna  Element  Performance 
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PORT  3' 


PORT  4' 


PORT  4 


Figure  37.  Reflectarray  Microstrip  Antenna;  8 Diodes/22. S-Degree  Spacing 

The  diode-loaded  performance  is  dominated  by  the  narrowband  characteristic  of  the  basic 
microstrip  element.  The  reflection  coefficient  in  the  plane  orthogonal  to  the  shorted  plane  has  a 
variation  because  the  incident  energy  is  coupled  to  the  element  and  then  acted  upon  by  its 
self-resonance.  On  the  other  hand,  in  the  plane  of  the  short,  the  incident  energy  is  essentially 
prevented  from  coupling  to  the  element  and  sees  instead  the  composite  effect  of  the  diode, 
bypass  capacitors  and  the  associated  parasitics.  The  element’s  center  of  performance  is  seen  to  be 
located  very  near  the  frequency  at  which  the  composite  diode’s  reflection  coefficient  angle  has 
an  180-degree  differential  between  the  forward  and  biased  conditions.  Figure  32  shows  this  fact 
most  clearly. 

Figure  31  shows  the  cross-coupling  terms  R43  and  R34  to  be  low.  The  characteristic 
shown  here  is  essentially  that  of  the  test  fixture.  Measurements  which  were  made  looking  into 
orthogonal  coaxial  ports  agree  with  these  reflection  values.  The  element  in  free  space  has 
measured  isolation  between  orthogonal  planes  greater  than  40  dB. 

Figures  33  and  44  show  the  performance  difference  between  one  and  two  diodes  per 
plane.  The  single  forward-biased  diode  data,  represented  by  the  dots,  is  an  average  value  of  the 
two  individual  diode  measurements  (i.e.,  states  1000  and  0010).  The  triangles  represent  both 
diodes  forward-biased.  As  mentioned  previously,  the  clement  reflection  coefficient  in  the  plane 
with  a single  diode  forward-biased  agrees  very  well  with  the  reflection  coefficient  of  the  diode. 
The  two-diode  results  confirm  the  fact  that  they  tend  to  reinforce  each  other  to  pix>duce  a 
reflection  coefficient  closer  to  the  ideal. 
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Figure  38.  Reflectarray  Microstrip  Antenna:  Element  Performance 
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Figure  42.  Reflectarray  Microstrip  Antenna  Element  Performance 
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Figure  43.  Ren.ctanay  Microstrip  Antenna  Element  Performance 


Figure  44.  Reflectarray  Microstrip  Antenna  Element  Performance 


8-DIODE/'22.5  DEGREE  SPACING 


Figure  46.  Reflectarray  Microstrip  Antenna  Element  Performance 


Figure  47.  Reflectanray  Microstrip  Aritenna  Element  Performance 
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Figure  49.  Reflectairay  Microstrip  Ant.  t'.na  Eleinent  Perf< 


TABLE  I.  REFLECTARRAY  MICROSTRIP  ANTENNA  PERFORMANCE 
8-PIODE  ELEMENT,  SPACED  22.S  DEGREES 

FREQUENCY  = 2.83  GHz 

Reflected  E-Field 

Phase 


Diode 

Configuration 

Amplitude 

Absolute 

Degrees 

Delta 

Degrees 

Cumulative 

Degrees 

Error 

Degrees 

0.0 

0.85 

112.0 

- 

- 

- 

22.5 

0.83 

61.6 

50.4 

50.4 

+5.4 

45.0 

0.89 

11.2 

50.4 

100.8 

+K'.8 

67.5 

0.‘>4 

-29.9 

41.1 

141.9 

+0.9 

W.O 

0.86 

-68.0 

38.1 

180.0 

- 

112.5 

0.82 

-114.9 

46.9 

226.9 

+1.9 

135.0 

0.86 

-160.9 

46.0 

272.9 

+2.9 

1.57.5 

0.90 

158.9 

40.2 

313.1 

-1.9 

Figures  35  iind  36  show  the  4-diode  element  performance  in  phase  shifter  parameters. 
Figure  35  shows  the  differential  phase  error  from  the  180-degree  nominal  value  resulting  from 
switching  the  plane  of  the  forward  biased  diodes  90  degrees.  Curves  are  shown  for  both  one  and 
two  diodes  forwaril  biased  in  a given  plane.  The  most  noticeable  difference  for  these  two 
configurations  is  a slight  center-frequency  shift.  Figure  36  shows  that  the  cross-polarization 
I haracteristic  is  the  bandwidth  limiter. 

Figures  38  through  41  show  the  orthogonal-plane  plane  performance  for  an  8 diode  loaded 
c ment.  This  perl  irmancc  i<  seen  to  be  amilar  to  the  4-diode  element  pres  nted  earlier, 
f igure  41  shows  the  cross-coupling  terms.  Thi  third  curve  represents  performance  with  all  diodes 
reverse  biased. 


Figures  42  through  47  ; how  the  element  performance  when  diodes  2,  3,  4,  6.  7 and  8 are 
ind  vidually  forward  biased  w lile  the  other  I'iodes  are  reverse  biased.  At  and  near  band  center, 
the  performance  is  as  pred  cted.  Iigures38  and  39  show  this  element’s  performance  by 
presenting  tlie  phase  c ror  froi  i nominal  and  ; mplitude  variation  of  the  resultant  E-field  reflected 
vector.  The  results  ar>‘  similar  to  the  4-diode  performance.  That  is,  the  bandwidth  is  severely 
limited  by  the  cross-polarization  characteristics. 

Table  I shows  the  element’s  center  frequency  performance.  The  first  column,  diode 
configuration,  corresponds  to  individually  fo  ward  biasing  diodes  1 through  8 with  the  remaining 
diodi  s reverse  biased.  The  amplitud  ■ colun  n shows  the  magnitude  of  the  resultant  reflected 
F-ficI  I for  each  phase  position.  The  emaining  columns  indicate  the  reflected  phase  performance 
by  first  showing  the  .ibsolute  pi  ise;  second,  the  incremental  phase  between  the  diode 
configurations;  third,  the  cumulati' c incremental  phase;  and  fourth,  the  phase  error  from 
nominal. 
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The  I6-dii>de  element  performance  was  approximately  the  same  as  the  8-diode  element. 
The  presented  data  is  intended  to  show  its  performance. 

The  diode  contribution  to  the  total  element  loss  is  approximately  0.2  to  0.4  dB.  The 
conclusion  is  based  on  comparative  measurements  between  elements  using  diodes  and  elements 
using  mechanical  shorting  pins. 


SECTION  IV 

ADDITIONAL  CONSIDERATIONS 

riic  t'uincnt  ruhriciilion  (uchniqiics  used  in  this  evaluution  are  applieable  through  X-hand. 
A uve  this  ringe,  monolithie  techniques  must  be  used  along  with  reduced  dielectric  thickness  to 
Hi  nimize  pat  isitic  effects. 

The  in  egration  of  monolithic  diode  dnver  and  logic  circuitry  is  a straightforward  process 
and  would  consist  of  an  additional  isolated  i letalization  layer  attached  to  the  element  backside. 

Diodes  are  currently  available  which  would  allow  element  operation  through  15  GHz. 

A single-diode  clement  (similar  to  that  described  in  Proposal  EG76-005  Subsection  11.B.2 
on  page  2-2.1)  was  designed,  fabricated,  and  tested  at  15  GHz.  The  evaluation  results  were 
inconclusive  .ind  schedule  constraints  forced  the  effort  to  be  terminated. 
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SECTION  V 
CONCLUSION 


The  primary  purpose  of  this  evaluation  was  to  determine  the  feasibility  and  design  I 

I mitations  of  the  microstrip  reflcctarray  antenna  clement.  This  objective  was  successfully  ' | 

i>  uched.  However,  narrow  operating  bandwidth  and  relatively  high  loss  severely  limit  the 
el  inent’s  usefulness.  Analysis  indicates  that  closer  array  grid  spacings  than  used  in  this  evaluation 
ni  y allow  sufficient  performance  improvement  to  negate  this  conclusion. 

Other  conclusions  arc  that  a single  diode  or  short  per  plane  is  sufficient  for  satisfactory 
ekinent  performance.  The  fabrication  techniques  developed  for  this  evaluation  represent  a 
siriple,  low-oarasitic,  potentially  low-cost  approach  to  other  similar  applications. 

An  analysis  of  the  scattering  by  an  infinite  array  of  microstrip  disks  has  been  made  and  is 
shown  to  be  quite  accurate.  The  analysis  has  been  used  to  lend  insight  into  the  operation  of  a 
reltectarray  using  diodes  integrated  into  the  element  to  achieve  phase  shift  for  circularly 
polarized  fields.  In  particular,  we  have  shown  that  the  loss,  bandwidth,  and  resonant  frequency 
are  significantly  affected  by  substrate  thickness  and  grid  spacing. 


REFERENCES 

1.  J.Q.  Howell,  “Mici  >strip  Antennas,”  IEEE  Trans.  Antennas  Profiagat.  (January  1975), 
Vol.  AP-23,  pp.  90  93. 

2.  R.B.  Munson,  “Conl'ornial  Microstrip  Antennas  and  Microstrip  Phased  Arrays,”  IEEE 
Tmim  Antennas  Propagat.  (January  1974),  Vol.  AP-22,  pp.  74-78. 

3.  H.R.  Plielan,  "Spiraphase-A  New,  Low  Cost,  Lightweight  Phased  Array,”  Microwave 
Journal  (Deceml’er  1976),  Vol.  19,  pp.  41-44. 

4.  H.H.  Plielan,  ‘‘l.-Band  Spiraphase  Reflectarray,”  Microwave  Journal  (January  1977), 
Vol.  20,  pp.  47-  50. 

5.  H.R.  Plielan,  “Dual  Polarized  Spiraphase,”  Microwave  Journal  (March  I ‘>77),  Vol.  20, 
pp.  37-40. 

6.  C.C.  Chen,  “Diffraclion  of  Bleclromagnctic  Waves  by  a Conducting  Screen  Perforated 
Periodically  With  Circular  Holes,”  IEEE  Trans  Microwave  Theory  Tech.  (May  1971), 
Vol.  MTT-19,  pp.  475-481. 

7.  W.ll.  Eggiinann  and  R.E.  Collin,  “Electrom.ignetic  Diffraction  by  a Planar  Ariay  of 
Circular  Disks,”  IRE  Trans.  Microwave  Theory  Tech.  (November  1962),  Vol.  MiT-IO, 
pp.  528- 5. 1 5. 

8.  J.P.  Monlgomery,  “Scattering  by  an  inCinite  Periodic  Array  of  Thin  Conductors  on  a 
Dielectric  Sheet,”  lEKi.  Trans  Antennas  Propagat.  (January  1975),  Vol.  AP-23, 
pp.  70  -75. 

9.  t;.V.  Borgioiii,  “Modal  Analysis  of  Periodic  Planar  Phased  Array  of  .Apertures,”  Proc. 
'/iVi/f  (November  1968),  Vol.  56,  pp.  1881-1892. 

10.  N.  Amitay,  V.  Galindo,  and  C.P.  Wu,  “Theory  and  Analysis  of  Phased  Array  Antennas, 
Wiley-lnterscience  (Ni  w York,  1972). 

11.  M.L.  Kales.  “Pari  III  Elliplically  Polarized  Waves  and  Antennas,”  Proc.  IRE  (May  19^1), 
Vol.  39,  pp.  544  549 

12.  C.C.  Chen,  “Transmission  ol  Microwave  Through  Perforated  Flat  Plates  of  Finite 
Thickness,”  IEEE  Trans.  Micro  vavc  Theory  Tech.  (January  1973),  Vol.  MTT-21,  pp.  1-6. 

13.  iL  Mittra,  3 Itoh,  and  T.S.  Li,  “Analytical  and  Numerical  Studies  of  the  Relative 
Convergence  'henomenon  Arising  in  the  Solution  of  an  Integral  Equation  by  the  Moment 
Method,”  //  EE  Trans  Microwave  Theory  Tech.  (February  1972),  Vol.  MTT-20, 
pp.  96  104. 

14.  S.W.  Lee,  W.R.  Jones,  and  J.J.  Campbell,  “Convergence  of  Numerical  Solutions  of  Iris 
Type  Discontinuity  Problems,”  IEEE  Trans  Microwave  Theory.  (June  1971), 
Vol,  MTT-19,  pp,  528-536. 

1 5 P.H.  Mastermann  and  P.J.B.  Clarricoats,  “Computer  Field-Matching  Solution  of  Waveguide 
Transverse  Discontinuities,”  Proc.  IEEE  (January  1971),  Vol.  118,  pp.  51-63. 

16.  R.  Mittra  and  S.W.  Lee,  “Analytical  Teclniiques  in  the  Theory  of  Guided  Waves,” 
MacMillan  (Nevt  York,  1971). 

17.  C.C.  Chen,  “Wideband  Wide-Angle  Impedance  Matching  and  Polarization  (Characteristics 
of  Circular  Waveguide  Phased  Arrays,”  IEEE  Trans  Antennas  and  Propagat.  (May  19'’4), 
Vol.  AP-22,  pp.  414-418. 


67 


18.  M.V.  Schneider,  “Microstrip  Lines  for  Microwave  Integrated  Circuit^,”  BeU  System  Tech. 
Jtturnal  (Miy- June  l‘)69),  Vol48,  pp.  1421-1444 

19.  T.  Iloh  and  R.  Mittra,  “A  New  Method  for  Calculating  the  Capacitance  of  a Circular  Dbk 
for  Microwave  Integrated  Circuits,”  IEEE  Trans.  Microwave  Theory  Tech.  (June  1973), 
Vol.MTT-21,  pp.  431-432. 

20.  S.  Coen  and  LM.L  Gladwell,  “A  Legendre  Approxiniation  Method  for  the  Circular 
Microstrip  Dis . Problem,”  IEEE  Trans  Microwave  Theory  Tech.  (January  1977), 
Vol.  MTT-2.‘i,  p ..  I -6. 

21.  M.  Sucher  and  M.  Fox,  “Handbook  of  Microwave  Measurements.”  Polytechnic  Pre« 
(BiiHiklyn,  1%3),  Vol.  2. 


MISSION 

<(f 

Rome  Air  Development  Center 


RMDC  pleam  eutd  eoadaetm  raMueth/  •MphontoKu  aad  ttdmaotd 
dwlop— at  program  in  eammand,  oontroi*  and  aatmmieatieni 
aatiritiaaf  and  in  tha  armaa  of  information  aeianeai 
and  intaJUiganoa.  Tba  prineipdl  taeteicai  miaaien  araaa 
arm  coamunieationa,  alaatromagnatie  guidanoa  and  aeutrol, 
aurvmiHanoa  of  groond  and  aaroapaga  objaatot  intalligmea 
data  oollaetion  artd  handlirtg,  infotmatiao  agatm  taahnologg 
ionoapbarie  propagation,  aolid  atata'aeianoaa,  aiaromaa 
pbgaim  and  alaotronie  raiiabilitg,  mtntair  bilitg  and 
oompatihilitg , 


